Release of chemical messengers from synaptic vesicles is the result of a highly orchestrated process of membrane trafficking in the presynaptic nerve terminal. Understanding the molecular mechanisms that govern synaptic vesicle membrane trafficking is of inherent interest to cell biologists; however, an additional fascination arises from the notion that the modulation of neurotransmitter release is likely to be an important mechanism for the formation of memories during the process of learning. Much of the machinery used in the highly specialized process of neurotransmitter release is related to the general constitutive membrane trafficking pathway that has been studied using genetic techniques in yeast and in vitro fusion assays (Bennett and Scheller, 1993) . In the last few years, biochemical, genetic, and physiological approaches have moved beyond the characterization of proteins involved in synaptic transmission to specific proposals for the functions of these molecules. The details of these studies have recently been reviewed more extensively elsewhere Jahn and SQdhof, 1994) . In the spirit of generating discussion, I will point out some highlights of the previous year, with a particular emphasis on controversial issues that confront the field. The conclusion of this review is that, while more controversy than dogma currently exists, the ability to propose specific and testable hypotheses bodes well for our future understanding of the fundamental cellular and molecular processes that govern our behavior.
A Pathway of Docking, Activation, and Membrane Fusion
Figure 1 serves as a heuristic model of vesicle docking, activation, and membrane fusion for the discussion that follows. Electron microscopic studies have been used to define several morphological states of synaptic vesicles. Most of the vesicles in a synapse usually appear in vesicle arrays near active zones. Events governing the movement of vesicles from these pools are not discussed here and have been presented in other forums (Greengard et al., 1993) .
"Docked" vesicles are those in which the vesicle membrane is directly opposed to the plasma membrane, although these morphologically similar vesicles are likely to be in a variety of biochemical states. The targeting of a vesicle to the appropriate acceptor membrane is proposed to occur through the formation of a 7S complex composed of two vesicle proteins, VAMP or synaptobrevin (v-SNARE) and synaptotagmin, along with two target membrane proteins, SNAP-25 and syntaxin (t-SNAREs; Figure 1 , step i). These four proteins comigrate on glycerol gradients and coprecipitate from detergent-solubilized brain extracts (S6llner et al., 1993a) . The fraction of these molecules observed in the 7S complex is much larger than expected from the number of vesicles which are docked, suggesting that much of the complex forms after detergent solubilization. Furthermore, the distribution of syntaxin is not completely restricted to the acceptor membrane, and the function of the vesicular syntaxin is not known. Studies with recombinant VAMP, SNAP-25, and syntaxin demonstrate that all three proteins specifically bind one another in the micromolar range. Interestingly, the SNAP-25/syntaxin la complex forms a higher affinity binding site for VAMP, making the heterotrimeric complex considerably more stable than any of the individual paired interactions (Pevsner et al., 1994; Hayashi et al., 1994) . Formation of the stable trimeric complex is specific for syntaxin la, but not syntaxin 2, 3, or 4, suggesting that at least a component of the specificity for vesicle targeting is achieved through these protein-protein interactions (Pevsner et al., 1994) . This simple set of interactions is unlikely to represent a Rab, rabphillin (sec 6, 8, 15, ?) Vesicles are associated with the donor membrane through the interaction of TAP and actin filaments. VAMP is bound to synaptophysin on the synapUc vesicle, and syntaxin is bound to n-secl on the acceptor membrane prior to docking. The vesicle proteins VAMP and synaptotagmin and the plasma membrane proteins SNAP-25 and syntaxin associate to form a 7S complex (step i). As the aSNAP adds to the complex, synaptotagmin is displaced (step ii). NSF binds to complete formation of the 20S particle (step iii), and ATP hydrolysis dissociates the interactions (step iv). Following ATP hydrolysis, several states ($3, $2, and S~) are thought to precede membrane fusion. Transitions between the states are dependent on temperature, pH, and Ca ~-. Ca 2+ acts as the final trigger of exocytosis (step v).
complete understanding of the proteins that mediate docking. Since vesicles appear to dock in resting nerve terminals that have been poisoned with tetanus toxin, which proteolytically cleaves VAMP, other interactions may be involved in initiating the process (Hunt et al., 1994) . A molecule that may be important in initiating vesicle docking in the endoplasmic reticulum (ER) and Golgi is TAP, a mammalian homolog of the yeast secretory mutant USOI. TAP is required prior to an ATP-dependent step in fusion and may anchor vesicles to the cytoskeleton at the site of docking (Figure 1 ) (Barroso et al., 1995; Sapperstein et al., 1995) . It remains to be seen if TAP-like proteins function in the nerve terminal as well.
Since target membrane proteins are not restricted in their localization to the active zone, formation of the 7S complex may be regulated through alterations in the activity of v-and t-SNAREs. Understanding this regulation constitutes one of the major challenges of current research. The synaptic vesicle protein, VAMP, is found associated with synaptophysin on the vesicle; however, synaptophysin is not present in the 7S complex Edelmann et al., 1995) . Similarly, the soluble protein n-secl (also munc-18 and rb-secl) is associated with syntaxin on the plasma membrane but is not found in the 7S complex. In vitro binding studies demonstrate that association of n-secl with syntaxin inhibits the binding of both SNAP-25 and VAMP (Pevsner et al., 1994) . Consistent with these biochemical studies, overexpression of the Drosophila n-secl decreases neurotransmitter release (Schulze et al., 1994) . Thus, the SNAREs may interact with proteins that constrain them to inactive states. Regulation of these interactions is expected to be critical for generating SNAREs capable of forming active docking complexes. However, the functional implications of the n-secl-syntaxin interaction are not likely to be restricted to the inhibition of complex formation, because mutations in the yeast secl gene do not increase fusion, but result in the accumulation of vesicles. Furthermore, the cognate protein of the yeast seclp, which is involved in the ER to Golgi trafficking step, is slylp. The complex of proteins likely to represent the docked state of ER to Golgi transport vesicles contains sly1 p (S~gaard et al., 1994) , a result that does not parallel studies in the synapse. Thus, though synaptophysin and seclp are situated favorably to regulate formation of the 7S docked state, their roles are likely to be wider than currently appreciated.
The roles of low molecular weight GTPases in the docking and fusion process also remain a mystery. Formation of the ER to Golgi docking complex appears to require a functional Rab (called YPT1; S~gaard et al., 1994) . General agreement is emerging that the Rabs play a role in forming the 7S or equivalent complexes (Figure 1 , step i) (Novick and Brenwald, 1993) . Studies in yeast have revealed genetic interactions between low molecular weight GTPases and the VAMP and SNAP-25 homologs; however, direct binding to these proteins has not been observed. While some have suggested that Rabs act as catalysts (S~gaard et al., 1994) and that direct interactions with SNAREs are transient and difficult to detect, it appears more likely that other molecules intervene to mediate the action of the Rabs. Candidates for these molecules in yeast include sec8p and/or sec15p (Bowser et al., 1992) . In the synapse, direct binding of Rab3a-GTP to the protein rabphilin has been observed. Interestingly, the structure of rabphilin is similar to synaptotagmin in that it contains two C2 domains, motifs that are thought to bind Ca 2÷ and acidic phospholipids (Shirataki et al., 1993) . In a Rab3a knockout mouse, the level of rabphilin in terminals is reduced and the protein concentration in the soma increases, suggesting that Rab3a m~iates the~argeting of rabphilin to the vesicle (Geppert et al., 1994a) . In contrast to this conclusion, biochemical studies demonstrate high affinity and saturable binding of rabphilin to ves~le-s~that have been stripped of Rab3a (Shirata~i~tal., 1994) . These seemingly contradictory results suggest that in vivo Rab3a may regulate the binding of rabphilin to synaptic vesicles, and that this regulation is not preserved in themore purified systems.
If the Rab3a protein played a critical role in vesicle docking, as is the case with the low molecular weight GTPases YPT1 or Sec4, one might expect a dramatic phenotype upon mutation of the protein. This is in fact the case, as overexpression and microinjection of mutant Rabs into PC12 or chromaffin cells severely perturbs Ca2÷-dependent secretion (e.g., Holz et al., 1994; Johannes et al., 1994) , leading to the conclusion that Rabs play a central role in regulating exocytosis. In contrast, knockout of the Rab3a gene in mouse via homologous recombination produces a surprisingly mild effect. The mice are viable, and the only observed phenotype is that the synapses fatigue more rapidly than the wild type. It is possible that there is redundancy in the spectrum of Rab3a function or that other means of compensating for the loss of Rab3a activity come into play. Alternatively, Rab3a function may not be as critical in synaptic vesicle functioning as in other vesicle transport steps, owing to the high concentrations of the trafficking components in the synapse. Perhaps not surprisingly, at this stage of analysis, the answers obtained to critical questions seem very dependent on the experimental system used to pose the question.
What are the steps following the formation of the 7S particle that lead to membrane fusion? Insight into this problem came from the studies demonstrating that the general factors ~SNAP and NSF bind to either VAMP, syntaxin, and/or SNAP-25 (SSIIner et al., 1993b) . Further studies suggested a pathway of protein-protein interactions that starts with the addition of ~SNAP to the 7S complex, followed by the binding of NSF and ATP hydrolysis (SSIIner et al., 1993a) . Interestingly, addition of recombinant ~SNAP to detergent extracts of brain followed by immunoprecipitation with syntaxin antibodies showed that, as ~SNAP associates with the 7S complex, there is a corresponding dissociation of synaptotagmin (Figure 1,  step ii) . This displacement requires a high molar excess of c~SNAP, which may not be physiological; furthermore, Ca 2÷ has not been shown to effect the exchange of synaptotagmin for ~SNAP. A plausible role for the binding of ~SNAP is to stabilize further the docked state of the complex. NSF will associate with the complex only after ~SNAP has bound, forming a 20S particle (Figure 1, step iii). To form a stable 20S complex, nonhydrolyzable forms of ATP must be bound to NSF. Upon ATP hydrolysis by NSF, the 20S complex dissociates into its component subunits, although the significance of this dissociation remains a matter of some debate. An attractive hypothesis is that energy of ATP hydrolysis drives a rearrangement of the VAMP and syntaxin proteins, thus promoting fusion of the lipid bilayers (SSIIner et al., 1993a) (Figure 1, step iv) .
After the last requirement for ATP in the fusion process, probably hydrolysis by NSF, it is likely that several additional intermediates are encountered prior to membrane fusion. This conclusion arises from studies in which ATP is removed from permeabilized cells or the Mg 2÷ required for ATP hydrolysis is chelated. Transitions between three of these intermediates are sensitive to temperature, pH, and Ca 2÷ (Figure 1 ) (Thomas et al., 1993; Bittner and Holz, 1992) . While the molecules that mediate these late steps are not known, studies of permeabilized PC12 cells point to the protein p145 or CAPS as an important Ca 2÷-dependent regulator of release (Hay and Martin, 1992; Walent et al., 1992) . Another interesting protein critical in transmitter release is the cysteine string protein (csp; Umbach et al., 1994) , which is a member of the DNA J family. The structure of this molecule suggests that heat shock-like molecular chaperones may be important in regulating protein conformation or complex formation as part of membrane trafficking processes in the synapse. In summary, the number and molecular structure of the intermediates following NSF action remain open and widely discussed issues.
Ca 2+ Triggers for Exocytosis
The most intensively studied step in the neuronal exocytosis pathway is the late step in secretion triggered by Ca 2+. Several lines of evidence suggest that synaptotagmin serves as the Ca 2+ sensor which regulates neurotransmitter release. Synaptotagmin I is a major synaptic vesicle protein, and some synaptotagmins bind Ca 2÷, initiating a change in the conformation of the protein. Genetic studies in C. elegans (Nonet et al., 1993) , Drosophila (DiAntonio et al., 1993; DiAntonio and Schwarz, 1994; Littleton et al., 1993) , and mice (Geppert et al., 1994b) all demonstrate that the mutation or deletion of synaptotagmin results in a large decrease in Ca2÷-triggered transmitter release.
Mammalian synapses lacking synaptotagmin I have a selective decrease in a fast component of release, supporting the idea that synaptotagmin is the Ca 2÷ sensor triggering exocytosis. The rate of spontaneous release, as measured by the frequency of miniature endplate potentials, increases severalfold in Drosophila lacking synaptotagmin I, suggesting that the moWecule acts as a negative regulator of exocytosis. In contrast, no such change was observed in the mammalian knockout, leading to the conclusion that synaptotagmin has an active role in Ca 2+-triggered release. Mammalian species are likely to have a larger number of synaptotagmins, making it difficult to compare genetic results directly across species. In spite of this difference in gene number, it seems implausible that the proteins are playing functionally different roles in different species; thus, the issue of whether synaptotagmin promotes or inhibits release is open. Interestingly, the structure of synaptotagmin-deleted synapses is qualitatively normal in mice; however, quantitative studies have not yet been presented. Finally, the observation that spontaneous, latrotoxin-induced, and sucrose-induced release processes are functional in synaptotagmin I mutants suggests the molecule is not a component of the general membrane fusion machinery. One must also conclude that the interaction between the latrotoxin receptors called neurexins and synaptotagmin I is not a required element of secretion; it may play a regulatory role.
In spite of this impressive progress, a large number of compelling issues challenge the hypothesis that synaptotagmin I is the Ca 2+ sensor for fast exocytosis. At least five mammalian synaptotagmin genes have now been characterized (Hilbush and Morgan, 1994; Mizuta et al., 1994) . While it is clear that the genes do not completely overlap in function (UIIrich et al., 1994) , they do partially overlap in expression (Marqu~ze et al., 1995) , and some of the current interpretations may have to be revised upon further analysis. For example, deletion of all functional synaptotagmins may eliminate the constitutive secretion process. In addition, some synaptotagmins appear to have the character of Ca2÷-binding proteins, yet are not specifically expressed in cells commonly thought to undergo Ca2÷-regulated secretion, such as heart, kidney, fat, and lung. Synaptotagmin I is also present on large secretory granules that do not undergo rapid release (WalchSolimena et al., 1993) . Analyses of mice deficient in synaptotagmin I demonstrate that both fast and slow Ca ~÷-dependent responses remain in mutants, and that, while the fast component is reduced in magnitude, the remaining synaptic transmission has the same response to Ca 2÷ as the wild type. Similarly, the Ca ÷ cooperativity of transmitter release in Drosophila with synaptotagmin deleted is indistinguishable from that of wild type . Therefore, the data might be interpreted as demonstrating that the Ca 2÷ sensor is functioning normally and that the secretory response is operating at a reduced efficiency. The affinity of synaptotagmin for Ca 2+ is not consistent with the sensitivity of exocytosis to Ca 2÷. in retinal bipolar neurons, half saturation of the exocytosis process is achieved at 194 ~M Ca 2÷ (Heidelberger et al., 1994) , suggesting a much lower affinity process than the 2-6 pM half-maximal binding of synaptotagmin I for Ca 2÷ (Davletov and S0dhof, 1993; Brose et al., 1992) . These considerations make it difficult to understand how synaptotagmin I could be a molecule that binds Ca 2+ to trigger fast exocytosis. In a process as intricate as exocytosis, it is possible that mutation of a variety of components could produce similar phenotypes that, at this stage of analysis, are not possible to interpret in biochemical detail. In the model presented in Figure 1 , synaptotagmin has dissociated from the complex prior to ATP hydrolysis, consistent with the possibility that the molecule is regulating an early Ca2+-dependent event. The recently described association of synaptotagmin with the clathrin adaptor protein AP-2 suggests a major role for synaptotagmin in the endocytosis process . While the data so far are only binding studies, perhaps a role in endocytosis will turn out to be the major role for synaptotagmins in cells.
Are there other candidates for the Ca 2+ sensor? The very low affinity of the Ca 2÷ sensor suggests that the molecule may not contain any of the known Ca2÷-binding motifs. Many constitutive vesicle trafficking processes require Ca 2+ for membrane fusion (Beckers and Balch, 1989) . As in the synapse, Ca 2+ functions late in the transport process, after the requirement for NSF (Rexach and Schekman, 1991) . The cooperativity, affinity, and molecular composition of this "constitutive Ca 2÷ sensor" is unknown; no synaptotagmins have yet been identified in yeast. Perhaps neurons have evolved a form of the constitutive Ca 2+ sensor to meet the regulatory requirements of the nerve terminal. While neuronal exocytosis is very rapid, constitutive vesicle fusion may be slower owing to biochemistry of the docking, not to the actual membrane fusion process itself. A mechanistic understanding of the role of Ca 2+ in triggering exocytosis is likely to remain illusive until a fundamental understanding of the biochemical events in constitutive membrane fusion is defined more clearly.
The Roles of Lipids in Membrane Fusion
Out of necessity, most of the studies leading to the model in Figure 1 have been conducted in detergents that solubilize membranes. Thus, while biochemical studies of protein-protein interactions lead to the most specific mechanistic hypotheses at the molecular level, thus far they do not take into consideration the roles of specific regulatory and structural lipids. There can be no doubt that lipids are more than passive bystanders in this process. In yeast, the identification of sec14 as a phosphatidylinositol (Pi) transfer protein suggests that the PI content of membranes is crucial for functional vesicle trafficking (Cleves and Bankaitis, 1992) . Consistent with these studies, PI transfer protein has been found to be one of the critical components necessary to reconstitute priming of vesicles for fusion in PC12 cells (Hay and Martin, 1993) . Further, PI P5K (phosphatidylinositol 4-phosphate 5-kinase) kinase has been shown to be one of the proteins responsible for the ATP requirement in the PC12 system. All of these experiments support the idea of a critical role for acidic phospholipids in the docking, priming, and/or fusion process.
While the precise role of these iipids is not known, several possibilities arise. The acidic phospholipid content of lipisomes directly correlates with their fusibility in vitro. The basic residues near the membrane anchors of the SNAREs could interact directly with acidic phospholipids during the fusion process. Thus, by changing the acidic phospholipid content of vesicles and/or target membranes, the bilayers may move closer to the activation energy required for the fusion reaction. Perhaps Ca 2+ interacts directly with acidic phospholipids to trigger the final step in exocytosis. A recently proposed model suggests that vesicle-associated ARF activates phospholipase D, producing phosphatidic acid (Liscovitch et al., 1994) . Phosphatidic acid, in turn, is proposed to stimulate the synthesis of phosphatidylinositol 4,5-bisphosphate (PIP2) through the activation of PIP5K. Similarly, PIP2 may further activate phospholipase D, resulting in a positive feedback loop that will dramatically alter the lipid content of the membranes at the site of vesicle fusion. Perhaps this process serves to localize specific proteins to the fusion site. Alternatively, PIP and PIP2 may have regulatory roles on a wide variety of synaptic processes, including the membrane fusion machinery. It is particularly attractive to consider roles for these molecules in regulating the cytoskeleton, as many actin-associated proteins appear to be regulated by higher forms of the acidic phospholipids.
Concluding Remarks
Some have recently concluded that the basic principles of vesicle docking and fusion have been defined and that what remains to be understood are the details. There can be no doubt that the progress of the last few years has been rapid and exciting. The ideas discussed above are largely the result of experiments conducted over the last 2 years and certainly will be modified as our information expands. In spite of the exciting progress, I must conclude that the questions that remain are ones in which the answers will define not merely refine the principles of membrane trafficking in eukaryotic cells. February 27, 1995 
